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The structural dynamics and phase behavior of 1-ethyl-3-methylimidazolium 

trifluoroacetate ([Emim][CF3AcO]) under elevated pressure conditions were meticulously 

examined. Utilizing a diamond-anvil cell (DAC) in conjunction with Raman spectroscopy 

and synchrotron radiation X-ray diffraction, investigations were conducted at ambient 

temperature. Synchrotron radiation X-ray diffraction spectra revealed the absence of 

crystallization in the samples at pressures up to 5 GPa. A detailed analysis of the Raman 

spectra elucidated the relationships between Raman shift and full width at half maxima 

(FWHM) of characteristic Raman peaks as a function of pressure. A notable discontinuity 

was observed around 2.8 GPa, suggestive of a potential phase transition at this threshold. 

The hydrostatic properties of [Emim][CF3AcO] were further elucidated through analysis 

based on the ruby fluorescence peak under high-pressure conditions. These findings 

indicate a pressure-induced transition of [Emim][CF3AcO] at approximately 2.8 GPa, 

transitioning from a liquid state to a superpressurized glass. In addition, the conformational 

equilibrium of [Emim][CF3AcO] under such high-pressure environments was meticulously 

analyzed. The study revealed the coexistence of two conformers, namely planar and 

nonplanar, under high-pressure conditions. It was observed that the population of planar 

conformers escalates with increasing pressure, attributable to their reduced conformational 

volume. This research provides novel insights into the high-pressure behavior of 

imidazolium-based ILs, contributing significantly to the understanding of their phase 

transitions and conformational dynamics under extreme conditions.  
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1. INTRODUCTION

ILs, organic salts composed entirely of ions and liquid at or 

near room temperature, have emerged as a focal point in 

scientific research due to their unique properties. 

Characterized by non-volatility, low melting points, and a 

broad electrochemical window, these substances offer 

promising applications in diverse fields such as chemical 

engineering, electrochemistry, and biotechnology. 

Additionally, ILs are recognized as environmentally friendly 

and designable solvents, garnering considerable attention 

within the scientific community [1-5]. 

The study of materials invariably involves three critical 

physical parameters: pressure, temperature, and composition. 

Pressure, in particular, serves as a pivotal factor in altering 

interatomic or intermolecular distances, thus inducing high-

pressure phase transitions and unveiling novel structures and 

properties. With advancements in high-pressure techniques, 

this parameter has gained prominence as an experimental 

approach to probe the physical and chemical characteristics of 

materials. While the majority of ILs research has concentrated 

on their properties under ambient conditions, recent years have 

witnessed a growing interest in understanding these 

substances under high-pressure scenarios. Pioneering studies 

by Yoshimura et al. have shed light on the phase behavior of 

1-ethyl-3-methylimidazolium tetrafluoroborate 

([EMIM][BF4]), observing a glass transition around 2.8 GPa 

without crystallization up to 7 GPa. Interestingly, during 

decompression, crystallization occurred at approximately 2.0 

GPa and 1.0 GPa [6]. Furthermore, investigations into the 

stability of 1-butyl-3-methylimidazolium iodide ([Bmim][I]) 

under high pressure at room temperature revealed the 

formation of a glassy state at 1.3 GPa, with partial 

crystallization at 16.7 GPa [7]. 

The structural dynamics and phase transitions of ILs with 

trifluoromethanesulfonate anions have been extensively 

examined by Ribeiro et al., with a particular focus on the 

conformational equilibria of cations and the determination of 

glass transition pressures [8]. Furthermore, systematic studies 

on the structures and phase behaviors of 1-alkyl-3-

methylimidazolium hexafluorophosphate under high-pressure 

conditions have been conducted [9-14]. These investigations 

are pivotal in enhancing the comprehension of ILs' structural 

and phase characteristics under extreme conditions, thereby 
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contributing significantly to the elucidation of their phase 

transition mechanisms in high-pressure environments. 

Imidazole-based ILs, comprising 1-alkyl-3-

methylimidazole cations and various anions, stand out for their 

ease of synthesis and structural versatility, making them 

among the most extensively researched ILs. Probing the 

structural and property dynamics of these ILs under high 

pressure is crucial for a deeper understanding of their unique 

characteristics and lays the foundation for their application in 

extreme environments. In this study, Raman spectroscopy and 

synchrotron radiation X-ray diffraction have been employed 

to investigate the structure and phase transitions of 

[Emim][CF3AcO] under high pressure. Additionally, a 

detailed analysis of the conformational equilibrium of cations 

under these conditions is presented. This research not only 

augments the fundamental knowledge base of ILs but also 

broadens the scope of their application in extreme conditions. 

 

 

2. EXPERIMENT 

 

The IL [Emim][CF3AcO] was procured from the Lanzhou 

Institute of Chemical Physics, Chinese Academy of Sciences. 

Its purity was ascertained to be in excess of 99.5%. Prior to 

spectroscopic analysis, the sample underwent a drying process 

under vacuum at 333 K for a minimum duration of three days, 

aiming to minimize the presence of moisture and volatile 

compounds. The molecular weight of the sample was 

determined to be 224.18 g/mol. Characterized by a melting 

point of 223 K, [Emim][CF3AcO] remains in a liquid state 

under standard room temperature and pressure conditions. The 

molecular structure of [Emim][CF3AcO] is illustrated in 

Figure 1. It features a cation comprising an imidazole ring, 

substituted at the 1 and 3 positions with ethyl and methyl 

groups, respectively. The accompanying anion in this IL is 

trifluoroacetate. 

 
Figure 1. Schematic representation of the molecular structure 

of [Emim][CF3AcO] 

 

Raman spectroscopic measurements were conducted 

utilizing a Renishaw inVia Raman microscope (Renishaw, 

UK), equipped with a 532 nm semiconductor laser with a 

power output of 50 mW for excitation. High pressure was 

generated using a DAC, featuring a 350 μm diameter diamond 

anvil. The gasket, composed of T301 stainless steel, 

underwent preindentation to a thickness of 100 μm and 

subsequent laser drilling to create a sample cavity with a 

diameter of approximately 150 μm. Experiments were 

performed at an ambient temperature of 298 K. The liquid 

[Emim][CF3AcO] was carefully placed into the sample cavity 

at the center of the gasket, accompanied by a ruby particle 

serving as a pressure gauge. The pressure exerted on the 

sample was deduced from the frequency shift of the ruby R1 

line [15]. To ensure equilibrium conditions, each sample was 

stabilized for a minimum of 5 minutes before Raman spectra 

collection. 

In-situ high-pressure X-ray diffraction experiments were 

carried out at the X17C station of the National Synchrotron 

Radiation Source at Brookhaven National Laboratory, USA. 

The incident X-ray beam, with a wavelength of 0.4066 Å, was 

directed onto the sample, having a beam size of approximately 

26.6×24 μm2. Diffraction patterns were captured using a CCD 

detector and subsequently processed using Fit2D code 

software for pattern integration [16]. 

 

 

3. RESULTS AND DISCUSSION 

 

The Raman spectroscopic analysis of [Emim][CF3AcO] 

under varying pressure levels at room temperature (298K) is 

depicted in Figure 2. Building upon existing studies [17-19], 

the observed Raman peaks at 596, 701, 718, 825, and 1022 cm-

1 are respectively attributed to the in-plane symmetric bending 

vibration of the imidazole ring, in-plane asymmetric bending 

vibration of the imidazole ring, symmetric deformation 

vibration of CF3 in the anion, C-C stretching vibration in the 

anion, and in-plane symmetric stretching vibration of the 

imidazole ring in the cation. Moreover, the Raman spectral 

ranges of 2800-3050 cm-1 and 3050-3200 cm-1 are recognized 

as the C-H stretching vibrations of the alkyl chain and 

imidazole ring in the cations, respectively. 

A notable observation was that with pressure escalation up 

to approximately 5 GPa, the Raman spectra of 

[Emim][CF3AcO] exhibited no emergence of new peaks, 

although a decline in spectral resolution was recorded. It was 

observed that the Raman characteristic peaks of the sample 

underwent a blue shift as pressure increased. This shift is 

attributed to the compression-induced reduction in interatomic 

distances within the molecules, leading to the contraction of 

the imidazole ring and a consequent decrease in the lengths of 

hydrocarbon, carbon-nitrogen, and carbon-carbon bonds. The 

diminution of bond lengths correlated with an elevation in 

bond energy, manifesting as a blue shift in the Raman spectra. 

 
 

Figure 2. Raman spectra of IL [Emim][CF3AcO] under high 

pressure (298 K) 

 

The Raman peaks within the spectral range of 2800-3050 

cm-1, associated with the stretching vibrations of the alkyl 

chain C-H in the cation [Emim]+, presented a degree of 

complexity in their specific identification. However, an 

increase in pressure resulted in the convergence of these peaks 

into a singular peak. Furthermore, a comparison between the 

Raman spectra of the C-H stretching vibrations in the alkyl 
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chain and the imidazole ring of the [Emim]+ under 

compression revealed a more pronounced alteration in the 

former. This indicates that the structural adjustments in the 

alkyl chain were more significant than those in the imidazole 

ring under high-pressure conditions, likely due to the inherent 

flexibility of the side-chain alkyl group. 

Figure 2 further presents the Raman spectra of 

[Emim][CF3AcO] following pressure release, alongside 

micrographs depicting the sample cavity under various 

pressures. It was observed that no discernible crystallization 

occurred within the sample cavity throughout the experimental 

procedure. Moreover, upon depressurization to ambient 

pressure, the Raman spectra of the sample exhibited recovery, 

closely resembling the spectra obtained under ambient 

conditions. This consistency suggests that [Emim][CF3AcO] 

maintained its chemical stability and did not undergo 

crystallization even after being subjected to pressures of 

approximately 5 GPa. 

For an enhanced understanding of the structural dynamics 

of [Emim][CF3AcO] under high pressure, the peak positions 

of the Raman spectra were meticulously fitted and analyzed as 

a function of pressure, as depicted in Figure 3(a). An inflection 

point in the slope of the Raman shifts as a function of pressure 

was observed at approximately 2.8 GPa. This inflection 

suggests the possibility of a phase transition occurring near 2.8 

GPa. Additionally, Figure 3(b) illustrates the FWHM of the 

Raman peaks under high pressure. A discontinuity in the 

FWHM at 2.8 GPa further corroborates the hypothesis of a 

phase transition in [Emim][CF3AcO] around this pressure 

threshold. 

To further elucidate the phase state of [Emim][CF3AcO] 

beyond the 2.8 GPa threshold, synchrotron radiation X-ray 

diffraction analysis was employed, as illustrated in Figure 4. 

The X-ray diffraction spectra of [Emim][CF3AcO] under high 

pressure demonstrated minimal changes up to 5 GPa, with the 

diffraction pattern predominantly displaying a halo pattern. 

The absence of sharp Bragg peaks in the high-pressure 

diffraction pattern indicates that [Emim][CF3AcO] did not 

crystallize and remained in a liquid or amorphous state up to 5 

GPa. 

Considering that [Emim][CF3AcO] is in a liquid state at 

atmospheric pressure, a transition to a solid state under high 

pressure would alter the sample chamber from a hydrostatic to 

a non-hydrostatic environment. Typically, the hydrostaticity 

of the sample cavity can be determined by two methods: 1) 

Variation in the FWHM of the ruby R1 line as a function of 

pressure [20], and 2) The differential between the peak 

positions of ruby R1 and R2 lines (R1-R2) as a function of 

pressure [21]. The pressure point at which an increase in these 

parameters is observed is identified as the glass transition 

pressure (Pg). Accordingly, Figure 5 analyzes the deviation in 

FWHM of the ruby R1 line under high pressure from its 

ambient pressure value, as well as the R1-R2 differential under 

varying pressures. In Figure 5(a), below 2.8 GPa, a slight 

decrease in the FWHM difference value of the ruby R1 line 

was noted. Beyond 2.8 GPa, this difference value continued to 

increase, displaying an inflection point around 2.8 GPa. This 

observation suggests that the IL [Emim][CF3AcO] likely 

underwent a glass transition near 2.8 GPa. 

 

 
Figure 3. (a) Raman shifts and (b) FWHM of [Emim][CF3AcO] under high pressure 
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Figure 4. Synchrotron radiation X-ray diffraction spectrum 

of [Emim][CF3AcO] under high pressure 

 

 
 

Figure 5. (a) Difference in FWHM of the ruby R1 line under 

high pressure and compared to ambient pressure, and (b) 

pressure dependence of R1–R2 splitting for [Emim][CF3AcO] 

 

 
 

Figure 6. Schematic diagram of planar and non-planar 

conformational structures of the cation [Emim]+ 

Furthermore, the uniaxial stress exerted on ruby is known 

to influence the disparity in peak positions between the ruby 

R1 and R2 lines [21], thus establishing the R1-R2 difference as 

an indicator of hydrostatic pressure. As depicted in Figure 5(b), 

a discontinuity in the R1-R2 difference was also observed at 2.8 

GPa, lending additional support to the notion of a glass 

transition occurring around this pressure. Consequently, it is 

inferred that [Emim][CF3AcO] transitions to a glassy state up 

to 5 GPa, with the glass transition pressure identified at 2.8 

GPa. 

In summary, the glass transition of [Emim][CF3AcO] from 

a liquid to an amorphous state at approximately 2.8 GPa is 

corroborated through an integrated analysis encompassing 

Raman shifts, FWHM of Raman peaks, synchrotron radiation 

X-ray diffraction, broadening of the ruby R1 line, and the R1-

R2 difference under high pressure conditions. 

The propensity of imidazole rings’ alkyl chains to adopt 

various conformations complicates the regular ion packing 

necessary for crystallization, possibly accounting for the 

difficulty in crystallizing ILs and their tendency to solidify in 

an amorphous state. Therefore, investigating the 

conformational equilibrium under high pressure is crucial for 

a deeper understanding of the glass state under such conditions. 

With respect to the cations, two distinct conformers, planar 

and non-planar, exist, contingent on the rotation angle of the 

ethyl chain in [Emim]+ [22]. These conformers are depicted in 

Figure 6. To further scrutinize the conformational changes 

under compression, the spectra ranging from 325 to 500 cm-1 

at various pressures were analyzed, as shown in Figure 7(a), to 

study the cation conformations. The Raman peaks at 430 and 

445 cm-1 are indicative of non-planar and planar conformers, 

respectively [22], while the peak at 392 cm-1 is attributed to 

the deformation vibration of CCO2 [17]. At room temperature 

and ambient pressure, the presence of both planar and non-

planar conformer Raman peaks signifies the coexistence of 

these two conformers in the liquid state of the sample. 

The Raman peaks at 430 and 445 cm-1 were selected to 

represent the non-planar and planar conformations, 

respectively. The intensity fractions of planar conformers were 

calculated using the following equation: 

 

nonplanarplanar

planar

planar
II

I
f

+
=  (1) 

 

where, Iplanar and Inonplanar denote the Raman peak areas of the 

planar conformers (445 cm-1) and non-planar conformer (430 

cm-1), respectively. Figure 7(b) displays the intensity fractions 

of planar conformers of [Emim][CF3AcO] under different 

pressures. An increase in the intensity fractions of planar 

conformers with rising pressure was observed, signifying that 

the population of planar conformers progressively augmented 

upon compression. This observation aligns with the increase 

in intensity fractions of planar conformers in [Emim][CF3SO3] 

under high pressure [23]. This trend could be attributed to the 

comparatively smaller volume of planar conformers relative to 

non-planar ones. Consequently, a transformation from non-

planar to planar conformers occurred, resulting in an increased 

population of planar conformers under compression. Notably, 

the rate of increase in planar conformers decelerated beyond 

2.8 GPa upon further compression. This could be due to the 

solidification of the sample above 2.8 GPa, where the degree 

of disorder and conformational equilibrium were effectively 

'frozen' near the glass transition pressure. Additionally, an 
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inflection point near 2.8 GPa was identified in the relationship 

between the intensity fractions of planar conformers and 

pressure, consistent with the glass transition pressure. 

 

 
 

Figure 7. (a) Raman spectra of [Emim][CF3AcO] conformers 

and (b) Intensity fractions of planar conformers under 

different pressures 

 

 

4. CONCLUSION 

 

This study has comprehensively examined the solidification 

and conformation of the IL [Emim][CF3AcO] under 

compression. Utilizing a DAC apparatus, Raman spectroscopy 

and synchrotron radiation X-ray diffraction analyses were 

performed on [Emim][CF3AcO] under high pressure. The 

findings indicate that [Emim][CF3AcO] undergoes a phase 

transition around 2.8 GPa at room temperature. Analysis of the 

ruby fluorescence peak revealed that this transition is a glass 

transition, converting from a liquid to a glass state at 2.8 GPa. 

Additionally, the reversibility of the sample within a pressure 

range of up to 5 GPa was observed. The conformational 

equilibrium of the cation under high pressure was also 

investigated. Both planar and non-planar conformers were 

found to coexist, which may explain the amorphous 

solidification of [Emim][CF3AcO] under high pressure. 

Notably, an increase in the population of planar conformers 

was observed, attributed to their smaller conformational 

volume. However, the trend in the intensity fractions of planar 

conformers demonstrated a deceleration above 2.8 GPa. 

Future studies are poised to explore the structure and phase 

transitions of a broader range of ILs under high pressure. Such 

research endeavors could unveil the underlying principles of 

solidification in ILs and potentially broaden their application 

spectrum. 
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